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1. INTRODUCTION {#hsr253-sec-0005}
===============

Anti‐Müllerian hormone (AMH) is a glycoprotein hormone from the transforming growth factor‐beta family[1](#hsr253-bib-0001){ref-type="ref"}, [2](#hsr253-bib-0002){ref-type="ref"}, [3](#hsr253-bib-0003){ref-type="ref"} and is expressed by granulosa cells of antral and preantral follicles.[4](#hsr253-bib-0004){ref-type="ref"} In fetal development, AMH prevents development of the Müllerian ducts during male sex differentiation.[5](#hsr253-bib-0005){ref-type="ref"} In addition, AMH plays an important role in ovarian function and folliculogenesis, modulating ovarian sensitivity to gonadotropins,[6](#hsr253-bib-0006){ref-type="ref"} and in gene expression, leading to production of ovarian steroids.[6](#hsr253-bib-0006){ref-type="ref"}, [7](#hsr253-bib-0007){ref-type="ref"} Anti‐Müllerian hormone is a well‐described biomarker of ovarian reserve and has been used to predict age‐at‐menopause[8](#hsr253-bib-0008){ref-type="ref"}, [9](#hsr253-bib-0009){ref-type="ref"} and primary ovarian insufficiency.[10](#hsr253-bib-0010){ref-type="ref"}, [11](#hsr253-bib-0011){ref-type="ref"} Studies suggest that AMH levels have minimal variability across the menstrual cycle.[12](#hsr253-bib-0012){ref-type="ref"}, [13](#hsr253-bib-0013){ref-type="ref"}, [14](#hsr253-bib-0014){ref-type="ref"} Influences on AMH, other than age,[12](#hsr253-bib-0012){ref-type="ref"}, [15](#hsr253-bib-0015){ref-type="ref"} include use of oral contraceptives[16](#hsr253-bib-0016){ref-type="ref"}, [17](#hsr253-bib-0017){ref-type="ref"} and smoking status.[13](#hsr253-bib-0013){ref-type="ref"}

Although well established as a biomarker of fecundability, few studies have described AMH levels during pregnancy, and there is some uncertainty regarding how levels vary across gestation in healthy pregnancies. The limited studies of AMH in pregnancy include cross‐sectional comparisons,[18](#hsr253-bib-0018){ref-type="ref"} assessment in women seeking fertility treatment,[19](#hsr253-bib-0019){ref-type="ref"} assessment in women with gestational diabetes,[20](#hsr253-bib-0020){ref-type="ref"} and evaluation in healthy women by using biospecimens collected once each trimester.[21](#hsr253-bib-0021){ref-type="ref"} To further evaluate variation in AMH levels over gestation and between women in pregnancy, we used data from a prospective pregnancy study with longitudinal biospecimen collection from women with singleton normal pregnancies. Characterization of the variability of AMH levels during uncomplicated pregnancy is an important step toward assessment of the association of AMH with adverse pregnancy outcomes.

2. METHODS {#hsr253-sec-0006}
==========

2.1. Study sample {#hsr253-sec-0007}
-----------------

Women in our sample (n = 30) were recruited as part of the Patterns of Inflammation in Normal Gestation study to assess the variability of inflammatory biomarkers across gestation in low‐risk pregnancies and, secondarily, to evaluate feasibility of recruitment and retention of women in longitudinal pregnancy studies. Women with a singleton pregnancy between the ages of 18 and 35 years, with BMI between 18 and 40 kg/m^2^, without preexisting proteinuria, and without current or history of autoimmune conditions, hypertension, diabetes, cardiovascular disease, cancer, chronic renal disease, or chronic inflammatory conditions were eligible for participation. The study protocol entailed collection of 5 blood draws at normal prenatal care visits starting in early pregnancy (at gestational week 8‐14) and completed proximal to parturition (gestational week 35‐38). Recruitment took place over 3 months, between November 4 2013 and February 5 2014. Follow‐up was completed on August 19, 2014. Participant characteristics were recorded from medical record abstractions. The study was approved by the Institutional Review Boards of the University of Massachusetts Amherst and Baystate Health, and all participating women provided written informed consent.

2.2. AMH measurement {#hsr253-sec-0008}
--------------------

Blood samples were collected at prenatal care visits via venipuncture. Purple top BD Vacutainer tubes with K2EDTA additives were used to collect 10‐mL aliquots of whole blood and put in ice until processing. Blood samples were cold centrifuged, and plasma was aliquoted into 0.5‐mL samples and stored at −80°C. Samples were processed within 2 hours of collection. Anti‐Müllerian hormone was measured by using an ultra‐sensitive ELISA from ANSH Labs (picoAMH kit, catalog number AL‐124, Webster, TX) at the Boston Children\'s Hospital, completed in accordance with the manufacturer\'s instructions. Percent variation for repeated ELISA samples was between 3.2% and 5.8%.

2.3. Statistical analyses {#hsr253-sec-0009}
-------------------------

Plasma concentrations of AMH (pmol/L) were used to estimate mean AMH by visit and by gestational age at sample collection. Due to variation in timing of clinic visits and, accordingly, gestational age at biospecimen collection, and the limited sample size, gestational age at sample collection was assigned to groups defined by mainly 4‐week intervals. A plot of mean AMH by gestational age of pregnancy was generated to visualize AMH trends. Means were compared by using repeated measures analysis of variance, with Tukey post hoc test for pairwise comparisons. To address potential violations of distributional assumptions, we used the nonparametric Friedman\'s test, which utilizes ranks to compare AMH by gestational age. Pearson correlation coefficients were estimated to assess the linear correlation of overall change in AMH levels with initial levels. To assess variability in AMH between women relative to temporal variation over gestation, we estimated intraclass correlation coefficients. In addition, we used mixed models of natural log transformed AMH to evaluate log‐linear trends over gestation. For these models, a random intercept was tested to evaluate individual variability in baseline AMH. All statistical analyses were carried out by using SAS software v.9.4 (SAS Institute Inc., Cary, NC).

3. RESULTS {#hsr253-sec-0010}
==========

3.1. Participant characteristics {#hsr253-sec-0011}
--------------------------------

Of the 30 study participants, 29 women completed all 5 scheduled visits (97%), and the remaining participant completed 4 visits. Thus, overall compliance with the study protocol was high, with a total of 149 biospecimens collected of a possible 150. An additional 31st participant dropped out of the study shortly after informed consent due to relocation and is not included in the analyses. Participant characteristics and demographics are described in Table [1](#hsr253-tbl-0001){ref-type="table"}. The participants were young, with average age of 23.4 years (SD = 3.8). Just over half the participants self‐identified as Hispanic (53%), and over half of the participants were nulliparous (52%). The mean gestational ages in weeks (range) for each visit were as follows: visit one, 11.0 (7‐15); visit 2, 16.8 (range 15--20); visit 3, 24.7 (23‐27); visit 4, 30.8 (29‐34); and visit 5, 35.6 (35‐37). Women gave birth at an average of 39.6 weeks\' gestation; 1 woman delivered at 36 weeks 2 days, with the remainder delivering between 37 weeks 3 days and 41 weeks 3 days. One woman was diagnosed with preeclampsia and delivered at 41 weeks; otherwise, no women experienced complications in pregnancy.

###### 

Characteristics of participants in the Patterns of Inflammation in Normal Gestation study (n = 30)

                                              n      \%
  ------------------------------------------- ------ -----
  Hispanic ethnicity                          16     53%
  Race[a](#hsr253-note-0001){ref-type="fn"}          
  White                                       9      30%
  Black                                       8      27%
  Other                                       7      23%
  Unknown/missing                             6      20%
  Marital status                                     
  Single, living alone                        11     37%
  Single, living with partner                 15     50%
  Married                                     4      13%
  Education                                          
  1+ years college                            10     33%
  Completed high school/GED                   17     57%
  Some high school                            3      10%
  Parity                                             
  0                                           16     52%
  1                                           9      29%
  \>1                                         6      19%
                                              Mean   SD
  Age (years)                                 23.4   3.8
  Gestational age at delivery (weeks)         39.6   1.2
  BMI (kg/m^2^)                               26.7   5.0

By self‐report.

3.2. AMH throughout pregnancy {#hsr253-sec-0012}
-----------------------------

Differences in AMH by timing of gestation were evaluated with nonparametric, Friedman analysis of variance test making comparisons by gestational age. Anti‐Müllerian hormone was observed to vary significantly by gestational age (*P* \< .0001). Figure [1](#hsr253-fig-0001){ref-type="fig"} depicts AMH levels (mean and 95% confidence intervals \[CIs\]) by GA to illustrate the pattern of AMH across pregnancy. Mean AMH decreased across gestation. Mean and standard error (SE) as well as median and first and third quartiles of AMH (pmol/L) by 4‐week gestational age intervals are given in Table [2](#hsr253-tbl-0002){ref-type="table"}. In samples collected at 7 to 10 weeks\' GA, AMH was 36.7 pmol/L (SE = 8.1); at GA weeks 19 to 24, average AMH was 13.9 (SE = 2.0) pmol/L; and at weeks 34 to 37 was 9.5 (SE = 1.9) pmol/L. There was a statistically significant mean difference in AMH between samples collected at GA weeks 7 to 10 and those collected at weeks 11 to 14 by using Tukey post hoc tests (*P* \< .05). Substantial intraindividual and interindividual variabilities were observed, as reflected by the estimated coefficient of within‐subject variance of 0.52 (95%CI: 0.38, 0.71) and the intraclass correlation coefficient estimate (0.67, 95%CI: 0.52, 0.79).

![Anti‐Mϋllerian hormone (AMH; pmol/L) throughout pregnancy (mean and 95% CI). Anti‐Müllerian hormone (pmol/L) means and 95% confidence intervals are shown by gestational age in weeks at blood sample collection. Means were significantly different by gestational age (*P* \< .0001) in nonparametric comparisons of AMH by gestational age using Friedman test](HSR2-1-e53-g001){#hsr253-fig-0001}

###### 

Average and median AMH by gestational age at sample collection among participants in the Patterns of Inflammation in Normal Gestation study (n = 30)

  GA at Sample Collection\* (Weeks)   N    AMH (pmol/L)                       
  ----------------------------------- ---- -------------- ----- ------ ------ ------
  7‐10                                12   36.7           8.1   22.3   13.4   63.6
  11‐14                               17   18.0           2.5   13.0   10.4   25.0
  15‐18                               27   21.6           2.9   16.3   11.1   31.6
  19‐24                               19   13.9           2.0   13.5   4.5    17.8
  25‐29                               16   18.0           3.1   14.3   9.5    22.7
  30‐33                               27   11.8           2.3   7.9    5.0    12.7
  34‐37                               31   9.5            1.9   5.8    3.9    9.7

Abbreviations: AMH, anti‐Mϋllerian hormone; GA, gestational age; SE, standard error.

The trajectory of AMH during pregnancy was further explored by using linear mixed models with a natural log transformation of AMH and specifying a random intercept, which was used to address the variability of initial levels of AMH among participants. Based on correlation analysis, initial AMH levels were related to the amount of decline over pregnancy (*r* = −0.92, *P* \< .0001). A significant log‐linear trend was observed that corresponded to a 0.045 unit decrease in the natural log of AMH per gestational week (95%CI: −0.050, −0.040: *P* \< .0001). A likelihood ratio test indicated that the random intercept significantly improved model fit (*P* \< .0001). The regression line from these models, along with individual trajectories of natural log transformed AMH, is shown in Figure [2](#hsr253-fig-0002){ref-type="fig"}.

![Trajectories of natural log transformed anti‐Mϋllerian hormone (AMH) by gestational age. Natural log transformed AMH (pmol/L) is shown plotted by gestational age at sample collection for each cohort member. Mixed models of log AMH regressed on gestational age yielded the estimates shown in the plot along with the bold red regression line](HSR2-1-e53-g002){#hsr253-fig-0002}

4. DISCUSSION {#hsr253-sec-0013}
=============

In this study, we evaluated AMH in plasma samples collected at 5 time points between 8 and 36 weeks of gestation. Our results suggest significant variation in AMH over gestation. Our study included women with low‐risk pregnancies and not seeking fertility treatment, which provides information regarding the variability of AMH between women and across gestation in pregnancy. Although 1 of the 30 participants experienced preeclampsia, no other women experienced complications in pregnancy, and results were unaltered after repeating analysis excluding this 1 participant.

We observed decreasing AMH throughout pregnancy; as seen in plots of AMH over pregnancy, and supported by the Tukey post hoc tests, a large decline occurred in the first trimester, between 7 and 14 weeks\' gestation. In addition to this gestational variability, we observed AMH levels to vary significantly between women. A random intercept model of natural log transformed AMH provided a good fit to the data, indicating the log‐linear trend of declining AMH over pregnancy as well as the interindividual variation. Further, initial AMH levels were strongly correlated with the amount of decline in AMH over gestation, consistent with what has been reported previously.[21](#hsr253-bib-0021){ref-type="ref"} This result is consistent with a conserved rate of AMH decline that is dependent on initial concentration of AMH.

Some women had initially low concentrations of AMH that stayed at low levels throughout gestation. A recent review by McCredie et al examined 8 studies of AMH in pregnancy and noted a similar rate of decline during the first trimester.[22](#hsr253-bib-0022){ref-type="ref"} Different mechanisms have been associated with heterogeneity in AMH decline during pregnancy including fetal sex and maternal BMI. Stojsin‐Carter et al observed in cattle that female cattle pregnant with male fetuses had higher AMH in early pregnancy (days 35‐175) compared with those with female fetuses.[23](#hsr253-bib-0023){ref-type="ref"} Evidence on BMI‐specific effects on AMH decline have been inconclusive with reports from studies suggesting both positive and negative associations between maternal BMI and AMH concentration during gestation.[22](#hsr253-bib-0022){ref-type="ref"} Other mechanisms may explain this observed trend, such as pregnancy‐induced hemodilution with concurrent plasma‐protein binding increase and estrogen‐induced AMH suppression during pregnancy.[24](#hsr253-bib-0024){ref-type="ref"}, [25](#hsr253-bib-0025){ref-type="ref"} Given the observation of the most dramatic decreases in AMH very early in pregnancy, some women may have had a somewhat later initial visit than other women and provided samples too late in gestation to capture this very early gestational variation.

Prior studies of AMH in pregnancy have considered a mix of study samples and used different approaches.[17](#hsr253-bib-0017){ref-type="ref"}, [18](#hsr253-bib-0018){ref-type="ref"}, [19](#hsr253-bib-0019){ref-type="ref"}, [20](#hsr253-bib-0020){ref-type="ref"}, [21](#hsr253-bib-0021){ref-type="ref"}, [26](#hsr253-bib-0026){ref-type="ref"} Using a cross‐sectional approach among 84 women, no significant differences were observed in AMH levels compared among those in the first trimester (n = 27), in second trimester (n = 21), in the third trimester (n = 13), and a nonpregnant (n = 15) group.[18](#hsr253-bib-0018){ref-type="ref"} In contrast, cross‐sectional comparison of AMH levels among 554 women by trimester and postpartum suggested that levels decline over pregnancy and rapidly rise in the postpartum period.[26](#hsr253-bib-0026){ref-type="ref"} Decreasing AMH has been observed in the first few weeks of gestation among women seeking fertility care (*n* = 85),[19](#hsr253-bib-0019){ref-type="ref"} and declines in AMH have been observed late in pregnancy in a prospective study of women with and without GDM during the third trimester, with significant decreases between 28 to 32 and 34 to 36 weeks of gestation.[20](#hsr253-bib-0020){ref-type="ref"}

Our results are similar to those of Nelson et al, evaluating AMH in a pregnancy cohort (n = 60) of women recruited at their first prenatal visit (GA range: 8‐14 weeks) who had a normal pregnancy and no history of pregnancy complications.[21](#hsr253-bib-0021){ref-type="ref"} Based on plasma samples collected approximately at 3 time points per woman at 12, 26, and 35 weeks\' gestation, AMH levels were observed to decline during the second and third trimesters of pregnancy.[21](#hsr253-bib-0021){ref-type="ref"} Similarly, we observed a declining AMH throughout pregnancy independent of the age of the participant; through collection of 5 time points for biospecimen collection across pregnancy, we have described AMH trajectories in fine detail, both individually and as an overall trend. We observed somewhat larger changes in AMH in early pregnancy; however, declining mean AMH levels were observed throughout gestation.

Longitudinal assessment of AMH in gestation may provide insight into its role in folliculogenesis. Early pregnancy concentrations of AMH are thought to be similar to those before pregnancy.[19](#hsr253-bib-0019){ref-type="ref"}, [21](#hsr253-bib-0021){ref-type="ref"} We observed high levels continuing to 10 weeks\' gestation but rapid declines shortly thereafter, which may reflect the timing of ovarian function and follicular recruitment in pregnancy.[21](#hsr253-bib-0021){ref-type="ref"} As AMH decreases in latter gestational ages, follicular recruitment declines, but the observation of continuing detectable levels suggests that the process is not halted completely in pregnancy. Likely, gonadotropin suppression during early pregnancy causes decreased AMH concentration and explains low concentrations of AMH from early pregnancy through postpartum.[27](#hsr253-bib-0027){ref-type="ref"} Although our study characterized AMH in uncomplicated pregnancies, AMH has been suggested by some to be related to increased risk of adverse pregnancy outcomes, such as maternal hypertension or preeclampsia.[28](#hsr253-bib-0028){ref-type="ref"}, [29](#hsr253-bib-0029){ref-type="ref"} Studies that assess AMH concentration prepregnancy, during gestation, and postpartum may help to better understand the mechanism of follicular recruitment and role of gonadotropin in AMH concentration in women who have completed pregnancy. Prospective pregnancy studies that evaluate maternal and pregnancy outcomes in addition to other biomarkers in pregnancy are important to better understand how AMH in pregnancy is related to these maternal and fetal characteristics.

Despite the small sample size, a strength of our study was the high level of compliance with the study protocol, which resulted in a large number of biospecimens across a wide range of gestation. Participants in the study provided all but 1 of the 5 scheduled biospecimen collections per participant, which helped us characterize within and between‐person AMH concentration variability. In addition, this supports the feasibility of longitudinal studies of biomarkers during pregnancy. Finally, eligibility for our study was relatively broad, contributing to the generalizability of our findings. We evaluated AMH with regard to race/ethnicity and other covariates and observed no associations, but because of the sample size (n = 30), the statistical power was low and these might have been missed.

5. CONCLUSIONS {#hsr253-sec-0014}
==============

Our data suggest that, on average, AMH levels during gestation decrease but do not completely disappear and that patterns vary among women, particularly by baseline AMH levels. Additional studies may help improve understanding of the significance of AMH trajectories in gestation for pregnancy outcomes.

CONFLICT OF INTEREST {#hsr253-sec-0016}
====================

The authors report no conflicts of interest or financial interests to disclose in this work.

AUTHOR CONTRIBUTIONS {#hsr253-sec-0017}
====================

Conceptualization: Andrew J. Healy, Brian W. Whitcomb

Formal analysis: Joshua R. Freeman, Nicholas G. Reich, Brian W. Whitcomb

Funding acquisition: Andrew J. Healy, Brian W. Whitcomb

Supervision: Andrew J. Healy, Brian W. Whitcomb

Writing---original draft: Joshua R. Freeman, Brian W. Whitcomb

Writing---review and editing: Elizabeth R. Bertone‐Johnson, Andrew J. Healy, Amrita Roy, Nicholas G. Reich

This work was supported by a grant from the Collaborative Biomedical Research Program (BWW and AJH) jointly funded by Baystate Health and the University of Massachusetts Amherst.
